Arrhythmogenesis in ventricular muscle exhibiting nonhomogeneous excitability was studied in isolated tissues from feline and canine hearts. Longitudinal bundles were mounted in a threechambered bath and simultaneous transmembrane recordings were obtained from fibers in each chamber. Nonhomogeneous excitability was established by depressing only the central segment (1 to 2 mm wide) with high-K' Tyrode's solution, which induced discontinuity of propagation associated with step delays mediated by electrotonic current flowing through the depressed zone. When transmission delays were long, activity distal to the site of block returned to proximal tissue as one of two forms of reflected reentry, each elicited by a different mechanism. Type 1 reflection, occurring with antegrade delays of 30 to 60 msec, was characterized by an early secondary depolarization due to electrotonic spread of currents from delayed responses in the depressed segment. Type If reflection evolved with delays greater than 90 msec and was manifest as a closely coupled regenerative action potential that developed independently of a pacemaker mechanism and of slow but continuous conduction. We conclude that delayed activation of excitable elements, which occurs when propagation is discontinuous, may lead to rhythm disturbances of focal origin that are mediated by electrotonic interactions across a zone of depressed tissue.
DISCONTINUOUS PROPAGATION is observed in otherwise homogeneous bundles of Purkinje fibers in which a discrete segment is rendered inexcitable or depressed by application of depolarizing currents' 2 by superfusion with ion-free sucrose3 or with "ischemic" (high K+, low pH, low Po2) solutions.4 Under these conditions cardiac impulses approaching a narrow inexcitable zone are blocked but can be transmitted to tissue beyond the block by current flowing through interposed inexcitable fibers. This transmission process occurs with a step delay associated with a prominent foot-potential preceding the active response of fibers distal to the block. Furthermore, studies in Purkinje fibers3`have shown that, with long step delays, distal activity can feed back and prematurely reexcite proximal tissue. This form of reentry, termed reflection,6 can occur in the absence of intervening slow responses5 and has recently been implicated as a possible cause of ventricular premature beats in the intact heart after regional ischemia.8 However, Janse and van Capellet have hypothesized that reflection depends on the presence of latent pacemaker elements in tissue distal to the block, suggesting that electrotonically mediated reflection cannot occur in the absence of Purkinje fibers.
Our investigation was undertaken to determine whether reflected reentry could in fact evolve in ventricular muscle independent of pacemaker activity. When a narrow depressed region was interposed between segments with normal excitability, delayed stepwise transmission of impulses across the depressed zone led to one of two types of reflected reentry, depending on the magnitude of the antegrade delay. One type was manifest as an early secondary depolarization (i.e., delayed repolarization) electrotonically mediated by delayed responses from the depressed region. The second type was clearly distinct from the first being manifest as a closely coupled premature action potential that evolved independently of a pacemaker mechanism. Thus, nonhomogeneous excitability, which is characteristic of ischemic ventricular muscle, 9 12 may represent an important substrate for the development of arrhythmias of focal origin.
Methods
The methods used have been described in part previously. 13 Papillary muscles and ventricular trabeculae approximately 1 mm in diameter and 4 to 9 mm in length were isolated from hearts excised from cats and dogs anesthetized with sodium pentobarbital (30 mg/kg). In some experiments, 1 mm wide left ventricular epicardial strips were obtained by single cuts made parallel to the fiber orientation with a double razor blade. Tissues were mounted in a three-chambered bath in which the central chamber (1 or 2 mm wide), also referred to as the gap, was separated from the outer chambers by latex membranes. Tissues were equilibrated for 1 hr while superfused at 370 C with Tyrode's solution gassed with 95% 02, 5% CO2 and stimulated at a basic cycle length (BCL) of 1000 msec. The composition of Tyrode's solution was (in mM): NaCI, 137; KCI, 4; NaH2PO4, 0.9; NaHCO3, 20; CaCI2, 1.8; MgSO4, 0.5; and glucose, 5.5. Stimuli were rectangular pulses 1 to 2 msec in duration and 2.5 times diastolic threshold intensity (Frederick Haer, P6i), delivered through silver bipolar electrodes placed on either end of the preparation.
Transmembrane potentials were recorded simultaneously from fibers in all tissue compartments. To prevent short-circuiting between the tissues in the outer chambers through a common ground, potentials were recorded differentially in one of the outer chambers with two glass microelectrodes filled with 2.7M KCI (resistance, 10 to 30 MQ). Transmembrane potentials of fibers in the remaining chambers were recorded with standard microelectrode techniques. All signals were amplified, displayed on an oscilloscope (Tektronix 565), and photographed on 35 mm film (Grass, C4R).
Propagation model. Propagation was assessed by measuring the time intervals between the midpoints of action potential upstrokes (phase 0) recorded from fibers in the outer tissue segments 0.5 to 1 mm from the latex membranes. Nonhomogeneous excitability was established by superfusing the central segment with Tyrode's solution containing increased concentra- [K+]o gap for the study of propagation and arrhythmogenesis produced a desired level of nonhomogeneity in which changes in excitability along the muscle bundle were likely to be gradual rather than abrupt.5 14 This condition was probably achieved by a combination of the following two factors: (1) the electrotonic interaction of normally polarized fibers in the outer chambers with depolarized gap fibers and (2) a limited but significant extracellular diffusion of K+ across the gap boundaries. 5. 16 In all experiments these factors were evident as a lower resting membrane potential at the gap boundaries compared with the ends of the bundle.
When gap [K+]o was sufficiently high to produce block, propagation properties of the system and the degree of block across the depressed segment could be controlled by varying the resistance of an external shunt pathway connecting the outer chambers.3-5, 13 Since a low extracellular resistance is essential for propagation in cardiac tissues, the external shunt made it possible to manipulate the conductivity of the extracellular pathway for local circuit currents and consequently the coupling (i.e., axial current flow) between the outer tissue segments. Therefore, in this model, discontinuity of propagation was produced experimentally by a combination of altered active membrane properties of a discrete segment of tissue and changes in the extracellular resistance of that segment.
Definitions. The terms proximal (P) and distal (D) refer to the position of fibers relative to the central segment and to propagation direction. During basic drive, proximal impulses (PI) discharged distal tissue (D,). Properly timed premature proximal responses (P2) in turn activated distal tissue (D,).
Premature stimuli were used to determine the functional refractory period (FRP) of the system, defined as the minimal attainable interval between two distal responses (D -D2), both propagated across the central segment. In determining refractory periods, premature stimuli were applied after every tenth basic stimulus. Values of action potential duration were also measured, either at 50% (APD50) or 90% (APD90) of repolarization.
In some experiments verapamil (Isoptin, Knoll) or tetrodotoxin (TTX, Sigma) was added to the superfusate to block slow and fast channels, respectively.
Results
Steady-state propagation properties. Preparations were studied under steady-state conditions intended to induce changes in excitability along the muscle bundle. ment. Measured in four preparations, the resting membrane potential of gap fibers decreased from -91 ± 1.1 to -82.5 ± 0.9 mV (mean ± SEM) when gap [K+]o was increased from 4 to 10 mM, respectively.
At a [K`jo of 20 mM, the same fibers were depolarized to -66 ± 1.1 mV. When propagation was discontinuous, P-D delays were critically dependent on SR and frequency (figure 2, B). As mentioned earlier, an increase in SR across a region of block in the present model effectively decreased axial current flow to the D segment, which induced a greater transmission delay. Each curve in figure 2 , B delineates the range of SR values (abscissa) for 1:1 propagation. At slower stimulation rates (BCL -3000 msec) transmission delays increased in a curvilinear fashion with SR. At faster frequencies (BCL = 2000 or 1000 msec) P-D delays were longer and the SR range sustaining 1:1 propagation was narrower. Increases in SR beyond the maximal value for each curve or stimulation at BCLs less than 1000 msec induced second-degree block and complex propagation patterns such as those characteristic of Wenckebach periodicity (not shown). A summary of steadystate propagation time under conditions of continuous and discontinuous propagation is given in table 1.
Premature stimulation and FRP. Propagation properties were evaluated further by testing the response to premature stimuli applied at progressively shorter intervals. In all preparations studied, responses to premature stimuli applied at long P,-P, intervals (in relation to the BCL) propagated across the central segment at the same intervals as basic responses. As P,-P, shortened, P,-D, increased, until complete block occurred. (table 1) .
Responses to premature stimuli were also studied in four other preparations under conditions of discontinu- 
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(figure 3, A), much greater delays occurred when transmission was discontinuous (figure 4, A), even when SR was zero. Small changes in P1-P2 were attended by relatively large changes in transmission delays of premature responses (P2-D2). Furthermore, premature as well as basic responses were transmitted with greater delay at higher degrees of block (i.e., higher SR values), as indicated by a shift in the curve upward and to the right. The FRP of the preparation represented in figure 4 , A is shown in panel B at the same degrees of block. FRP increased in proportion to SR, but distal APD90 remained unchanged so that the difference between FRP and APD90 became greater as SR increased. Composite data on FRP and APD9o in those preparations that exhibited discontinuous (n = 4) and continuous (n = 4) propagation are shown in table 1. Type I reflection. The properties of nonhomogeneous ventricular muscle studied with the present model indicate that longer activation delays occur when propagation is discontinuous. This is particularly true at high degrees of block and at relatively fast frequencies (figure 2, B) at which successive impulses impinge on a system with prolonged FRP (figure 4, B) . Long activation delays in a longitudinal system establish potentially arrhythmogenic conditions wherein delayed D responses can electrotonically feed back on nearly fully or fully recovered P tissue and modify its activity. This form of to-and-fro interaction in which both antegrade and retrograde electrotonic currents flow through the same central depressed segment in Purkinje tissue3 -l 19 is known as reflection. In the present study of ventricular muscle, two distinct forms of reflection were observed with long P-D delays obtained only when propagation was discontinuous. An example of the first form of reflection, type I, is shown in figure 5 . This form was manifest in fibers of the P segment as a secondary depolarization that prolonged APD and occurred in a range of P-D delays of between 30 and 60 msec. The reflected component followed a delayed response in the gap. Figure 6 illustrates the pronounced The temporal relationship of activity in all chambers demonstrated in figures 5 and 6 suggests that the reflected component is associated with a delayed response generated by depressed gap fibers. The secondary depolarization characteristic of type I reflection occurred during phases 2 and 3 of the P action potential and qualitatively resembles an early afterdepolarization that is thought to be due to a regenerative inward current mediated by the slow channel.20 It is possible that the secondary depolarization in P segment fibers is a regenerative phenomenon and thus could be considered an early afterdepolarization. To test this hypothesis, verapamil (2 gg/ml) was perfused in the P chamber in three experiments, but type I reflection was unaffected by such a maneuver. However, verapamil perfused in the gap (n = 3) either attenuated or eliminated type I reflection, producing action poten-2.5 tial patterns identical to those shown in figure 6 , B.
These findings suggest that the secondary depolarization characteristic of type I reflection is an electrotonic B image of delayed gap responses that are themselves mediated by the slow channel. Type II reflection. P-D delays that exceeded the upper limit for type I reflection (approximately 60 msec) fell within a "silent" range in which D activity only slightly affected P responses and no gap responses were action potential prolongation accompanying type I reflection and its dependence on gap responses. As illustrated in figure 6 , A, D activation was followed, after a long latency, by a response within the gap that was manifest in the P segment, i.e., type I reflection. The proximal APDI, in this example was 168 msec. In contrast, the D action potential shown in panel B was not followed by a gap response. Although P-D transmission was still successful, type I reflection was not Vol. 69, No evident. Transmission delays greater than 80 to 90 msec resulted in a second type of reflection that is illustrated in figure 7 . In contrast to type I reflection, activation of the D segment during type II reflection occurred with delay great enough to allow P segment fibers to fully or nearly fully repolarize. When this occurred, D activation was able to reexcite the P segment and elicit a closely coupled premature action potential.
Type II reflection was observed in both papillary muscles and ventricular trabeculae. Results of computer simulations by Janse and van Capelle5 have indicated that ventricular premature beats associated with a reflection mechanism develop when some form of latent automaticity is present distal to the blocked zone. This hypothesis suggests that Purkinje fibers may have been a necessary component for reflection in our prep-168 250 msec FIGURE 7. Type II reflection. A delayed D response that encountered fully or nearly fully recovered P tissue "fed back' to elicit a closely coupled premature beat. BCL = 1000 msec: SR = 5 kf. Feline papillary muscle (1 mm gap; 30 mM [K+]o).
arations of ventricular muscle: To test this possibility, epicardial strips (approximately 1 x 1 x 7 mm) were studied in the same manner as papillary muscles and trabeculae. Figure 8 illustrates type II reflection in a feline left ventricular epicardial strip and demonstrates further the changes in manifest ectopic patterns that develop with changes in BCL. At a BCL of 3000 msec ( figure 8, A) , a manifest bigeminal rhythm developed with variable coupling. Each D response reflected back to the P segment to reexcite it. When the BCL was shortened to 800 msec ( figure 8, B ), a trigeminal pattern evolved that then changed to a quadrigeminal rhythm at a BCL of 600 msec ( SR values (5 kfl) in the same preparation, P-D delays were less and type I reflection was observed (not shown).
Records from the central depressed segment during type II reflection indicate that both D and reflected responses can be elicited without intervening regenerative activity in the gap, as shown in figure 9 , which was recorded from a left ventricular epicardial strip preparation. This figure also illustrates that with the proper degree of spatial nonhomogeneity, delayed propagation and reflected reentry can occur even when SR is zero. This situation more closely approximates the conditions that would be expected to occur in the intact heart during regional ischemia. As illustrated in figure 9 , A, the P response brought the D segment to threshold after a delay of 120 msec. The P action potential fully repolarized during this delay and was reexcited by the D depolarization (i.e., type II reflection). The membrane potential changes in the gap are electrotonic images of activity on both sides and show no evidence of regenerative responses. Figure 9 when type II reflection did not occur. In this example, although the P segment had recovered, the retrograde effect of D activity was subthreshold and no premature beat developed. In other experiments propagation and reflection were studied in preparations in which the gap perfusate contained high [K+Jo and verapamil (2 ,ug/ml) plus TIX (10 ,ug/ml) to eliminate regenerative responses. In these preparations P-D transmission was still successful and when delays were sufficiently long type II reflection persisted.
Origin of distal activation. During discontinuous propagation with relatively short delays, the foot-potential of D responses recorded 0.5 to 1 mm from the membrane increased slowly into the upstroke of the action potential. Typical examples are shown in the D responses in figures 5 and 6. However, when transmission delays became very long as a result of an increase in the degree of block, D action potentials developed from the downward slope of the foot-potential instead of at the peak; examples of this are shown in figures 7 and 8.
The electrophysiologic basis for this response was investigated by recording from fibers beyond the D gap boundary. In Figure 10 , B shows records from the same fibers with a high degree of block (SR = 11 kQ). The transmission delay (P-D,) was now 66 msec but, as shown in panel B2, the upstroke of DU preceded that of D, also by approximately 2 msec (P-D2 -64 msec.) Figure 10 , B] illustrates that the D fiber was activated after the peak of the foot-potential while that of D2 continued rising until its threshold was reached. This and similar experiments (n = 3) suggest that long transmission delays across a nonhomogeneously depressed zone may in part be attributed to shifts in the site of activation to more distant regions.
Discussion
Propagation in nonhomogeneous tissue. In this study, at relatively low degrees of nonhomogeneity propagation appeared continuous, but as [K+]o in the central chamber increased further conditions were reached in which propagation clearly was discontinuous (figure 1). The 50 msec distinction between continuous and discontinuous propagation was made on the basis of simultaneously recorded action potentials from fibers 2 to 3 mm apart. However, if the spatial resolution of the recording techniques used could have allowed the distinction of events occurring on a microscopic level, even propagation in a homogeneous cable might have appeared to be discontinuous. 21 In this study depressing a discrete tissue segment with elevated [K+jo amplified the discontinuities of propagation by causing axial current to travel a longer-than-normal distance to reach excitable fibers. In approaching conditions necessary for discontinuous propagation (i.e., segmental block) activation times shortened with moderate elevations in gap [K+]o (figures 2, A and 3, A). Abbreviated conduction times have been reported in preparations homogeneously exposed to slightly elevated K; levels.22-21 This has been attributed to the enhanced excitability that results when the resting membrane potential approaches the excitation threshold.' 26 The results of our study support the existence of this mechanism. That is, the resting membrane potential of gap fibers at a [K.]o of 10 mM was slightly decreased from control (-82.5 + 0.9 vs -91 ± 1.1 mV, respectively) to a level that was probably associated with enhanced excitability. However, when gap [K+]o was increased further (e.g., 20 mM), resting membrane potential of gap fibers was reduced to a level associated with depressed excitability (less than -70 mV). These data and the results in figures 2, A and 3, A show that accelerated propagation can occur in a nonhomogeneous system in which only the excitability of a discrete region is enhanced. 170 The relationship between FRP and APD90 shown in figures 3, B and 4, B and summarized in table 1 suggests that the FRP of a nonhomogeneously depressed system may be determined by factors other than the "true" refractory period of the tissue. Shortening of FRP with intermediate gap [Kj o (figure 3, B) can be explained in part by a shortening of APD of D fibers close to the gap. Fibers at the gap boundaries, electrotonically influenced by depressed gap fibers and exposed to slightly elevated K' levels, would be expected to show an abbreviated APD2T and thus FRP. 8 However, parallel changes in FRP and APD no longer occurred at higher degrees of nonhomogeneity, particularly when propagation was discontinuous. Under these conditions, FRP far outlasted the APD of D responses, the difference becoming greater at high degrees of block ( figure 4, B ). This phenomenon, known as postrepolarization refractoriness, has been reported in other nonhomogeneous systems such as the atrioventricular node,9 the Purkinje fiber-sucrose gap preparation,3 and ischemic myocardium.9 Its precise mechanism is not completely known, but may be due to slow recovery of inward regenerative currents33 or to time-dependent changes in ionic conductances associated with the foot-potential of D responses. These conductance changes may be related to background inward or "window" currents recently described in Purkinje fibers32 and thus may be an important factor determining the duration of FRP in nonhomogeneous ventricular tissue.
Reflection. With long transmission delays during discontinuous propagation, two types of reflection were manifest in P tissue. Both types resulted from delayed CIRCULATION S ---4 D activity that electrotonically influenced P tissue and can be considered forms of reentry. Type I reflection (figures 5 and 6) was manifest as a secondary depolarization that abnormally prolonged the P action potential. This electrotonically mediated reflected response was initiated by delayed slow channel activation within the gap (as evidenced by results of the verapamil experiments), indicating that the reflected component in the P segment was not directly due to a change in ionic conductance. This type of reflection relied on a precise temporal summation of antegrade (P-D) and retrograde (D-P) electrotonically mediated events on depressed central fibers and is similar to that found in Purkinje tissue. 33 The large amplitude of depressed gap responses seen during type I reflection exemplifies this summation process, suggesting that these potential changes are composed of active responses superimposed on electrotonic depolarizations.
While type I reflection is clearly evident in fibers at the site of block, its spatial spread into the P segment is as yet unknown. If the reflected component of fibers at the gap boundary encountered more fully recovered tissue, a premature beat might develop at some point more remote from the gap boundary. Further experimentation is required to determine whether type I reflection can be manifest as a premature beat or whether it is a local event that dies out in accordance with the space constant of the P tissue. The latter possibility, which may be considered "concealed" reflection, might contribute to the dispersion of refractoriness believed to predispose to circus movement in ischemic myocardium.
Beyond the limiting P-D delay for type I reflection, P action potentials exhibited a shoulder that coincided with the D response and was likely an electrotonic manifestation of delayed D responses. 34 The lack of a reflected component in the P segment during this "silent" period may be explained by one of two mechanisms. (1) A subthreshold summation of responses occurred in depressed central fibers ( figure 6, B ). (2) Inward current generated by depressed central fibers was overcome by the outward repolarizing current (phase 3) in the P segment.
When P-D delays were greater than 80 to 90 msec, depolarizing current generated by D responses impinged on nearly fully recovered P tissue to elicit a closely coupled premature action potential. This form of reentry in ventricular muscle, termed type IL reflection in this study (figures 7, 8, and 9), is qualitatively similar to that demonstrated in Purkinje fibers,3-5 although the delays associated with this arrhythmia in muscle are much briefer. It should also be noted that reflection may occur as a result of geometric discontinuities as does that which occurs when there is propagation into a branch point.'8 As found previously3-' and demonstrated in this study (figure 8), the manifest arrhythmia resulting from reflection is critically dependent on the frequency of stimulation. This presumably is a manifestation of the frequency dependence of discontinuous propagation3 (figure 2, B) .
Recent computer simulations by Janse and van Ca-pelle8 have predicted the occurrence of reflected reentry in ventricular muscle. Their model, however, incorporated latent pacemaker elements (Purkinje fibers) distal to the blocked region. Our findings (figures 8 and 9) indicate that reflected reentry can occur in ventricular muscle independent of a pacemaker mechanism. Thus, while circus movement reentry may be the cause of tachyarrhythmias and fibrillation under ischemic conditions, the results of our experiments support the hypothesis that ectopic beats that originate the disturbances may have a focal origin within the ventricular muscle itself.
The experiment illustrated in figure 9 indicates that the mechanism of type II reflection is different from that of type I. The gap records during type IL reflection show only subthreshold depolarizations that are electrotonic images of P and D responses. While summation within the gap is evident, it does not lead to a regenerative response as it does in type I reflection. Furthermore, results of experiments conducted with high [K+]o, verapamil, and TTX in the gap rule out the involvement of active responses either in successful P-D propagation or in type IL reflection. These experiments also make it unlikely that a microcircuit is required for this form of reentry. Thus, type II reflection does not rely directly on intervening regenerative responses; i.e., the central depressed segment acts as a passive conduit for electrotonic current flow.
Site of distal activation. Delayed D activation with high degrees of block may be attended by a spatial shift in the site of origin of activity as demonstrated in figure  10 . Shifts in activation site have been hypothesized in previous studies on Purkinje35 and nerve36 fibers. Under the conditions studied with our model it can be assumed that fibers at the gap boundaries exposed, as they must have been, to relatively high external K' levels exhibited a lower excitability than fibers toward either end of the bundle. By the same token, fibers somewhat more distant from the gap would have been exposed to lower but still elevated K' levels at which excitability and conductivity were enhanced (figure 2, A). Thus, at high degrees of conduction impairment, reduced axial current flowing into the D segment was 171 Vol. 69, No. 1, January 1984 probably ineffective in activating the boundary fibers, but was sufficient to excite more distant fibers, although with considerable delay ( figure 10. B) . A similar temporal relationship can also be observed in the G and D records of figures 5 and 6; D fibers at the gap boundary were activated before depressed gap tissue. Shift in activation site to a more distant region may be an important factor in delayed propagation and ultimately type II reflection. However, excitability of the D element at the site of activation also has an important influence on the delays associated with reflection. An example that illustrates this point is shown in figure 9 . The two "steps" preceding the D upstroke suggest that a depressed fast inward current (second step) brought the membrane to the slow channel threshold, resulting in a slow response. Thus, in analyzing the mechanisms of focal arrhythmogenesis, it is important to consider both temporal and spatial factors in delayed excitation.
In conclusion, discontinuous propagation in longitudinal bundles of ventricular muscle may result when a narrow zone of depressed membrane is interposed between regions with normal excitability. While depressed fibers may not actively participate in the continuous propagation of impulses, they can allow passage of electrotonic current to activate more distal tissue. When activation across a zone of block is greatly delayed, the distal element may electrotonically "reflect" back on the proximal tissue. The result of this return current may be manifest as a prolongation of electrical activity or as a premature reentrant beat. Reflected reentry in ventricular muscle evolves independent of a pacemaker mechanism and may represent an important arrhythmogenic mechanism in the early stages of myocardial ischemia.
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